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ABSTRACT 
Gallium Nitride (GaN), being a wide-bandgap semiconductor, shows its 
advantage over the conventional semiconductors like Silicon and Gallium Arsenide for 
high temperature applications, especially in the temperature range from 300°C to 600°C. 
Development of stable ohmic contacts to GaN with low contact resistivity has been 
identified as a prerequisite to the success of GaN high temperature electronics. The focus 
of this work was primarily derived from the requirement of an appropriate metal contacts 
to work with GaN-based hybrid solar cell operating at high temperature.  
Alloyed Ti/Al/Ni/Au contact and non-alloyed Al/Au contact were developed to 
form low-resistivity contacts to n-GaN and their stability at high temperature were 
studied. The alloyed Ti/Al/Ni/Au contact offered a specific contact resistivity (ρc) of 
6×10-6 Ω·cm2 at room temperature measured the same as the temperature increased to 
400°C. No significant change in ρc was observed after the contacts being subjected to 
400°C, 450°C, 500°C, 550°C, and 600°C, respectively, for at least 4 hours in air. Since 
several device technology prefer non-alloyed contacts Al/Au metal stack was applied to 
form the contacts to n-type GaN. An initial  ρc of 3×10-4 Ω·cm2, measured after 
deposition, was observed to continuously reduce under thermal stress at 400°C, 450°C, 
500°C, 550°C, and 600°C, respectively, finally stabilizing at 5×10-6 Ω·cm2. Both the 
alloyed and non-alloyed metal contacts showed exceptional capability of stable operation 
at temperature as high as 600°C in air with low resistivity ~10-6 Ω·cm2, with ρc lowering 
for the non-alloyed contacts with high temperatures. 
The p-GaN contacts showed remarkably superior ohmic behavior at elevated 
temperatures. Both ρc and sheet resistance (Rsh) of p-GaN decreased by a factor of 10 as 
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the ambient temperature increased from room temperature to 390°C. The annealed Ni/Au 
contact showed ρc of 2×10-3 Ω·cm2 at room temperature, reduced to 1.6×10-4 Ω·cm2 at 
390°C. No degradation was observed after the contacts being subjected to 450°C in air 
for 48 hours. Indium Tin Oxide (ITO) contacts, which has been widely used as current 
spreading layer in GaN-base optoelectronic devices, measured an initial ρc [the resistivity 
of the ITO/p-GaN interface, since the metal/ITO ρc is negligible] of 1×10-2 Ω·cm2 at 
room temperature. No degradation was observed after the contact being subjected to 
450°C in air for 8 hours.  
Accelerated life testing (ALT) was performed to further evaluate the contacts 
stability at high temperatures quantitatively. The ALT results showed that the annealed 
Ni/Au to p-GaN contacts is more stable in nitrogen ambient, with a lifetime of 2,628 
hours at 450°C which is approximately 12 times longer than that at 450°C in air.  
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Chapter 1 
INTRODUCTION OF GAN HIGH TEMPERATURE ELECTRONICS 
1.1 Demands for High Temperature (HT) Electronics 
It is increasingly recognized that semiconductor based electronics that can 
function at ambient temperatures higher than 150 °C without external cooling could 
greatly benefit many important applications, especially in the automobiles, aircrafts, gas 
turbines, oil exploration, and space exploration industries[1]–[5]. More than 40,000 oil 
and gas wells are being logged every year by the oil industry where electronic and 
electrical parts range from cabling, connectors, and passive devices to A/D converters, 
operational amplifiers, motors and solenoids are needed. The temperature in the oil and 
gas wells can range up to 300 °C for long periods of time during logging. Operational 
temperatures for the geothermal wells are generally higher than those for oil well and can 
range up to 400 °C for wells being drilled to depths greater than 11 km. The temperature 
needs of the automotive industry can range from 150 °C to 800 °C. The lower 
temperature range, 150 °C to 300 °C, for electronics would include engine block 
embedded sensors to monitor cylinder pressure and temperature, sensors in brake pads, 
transmissions, and in chemical fluid reservoirs, while the exhaust gas sensor represents an 
extreme temperature requirement, 800 °C. The aircraft industry has recognized since the 
mid-1960s, that placing monitor and control electronics directly on the jet engines could 
provide many benefits. Electronics capable of operating at 300 °C would satisfy most 
engine monitoring and control needs, while the engine temperature of high performance 
aircraft, e.g. supersonic flight at Mach 5, could range from 550 °C to 650 °C. Scientific 
space missions to other planets and deep space also need high temperature (HT) 
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electronics. The 465 °C electronic devices are needed for instrumenting Venus surface 
probe mission, where the maximum surface temperature can reach 465 °C. Fig. 1 shows 
the major high-temperature applications with ambient temperature range from 300 °C to 
600 °C.  
 
Fig. 1 High-temperature applications with ambient temperature range from 300 °C to 600 
°C. 
High temperature harsh environments are extremely difficult for electronics to 
function properly in-situ. Traditionally, engineers rely on active or passive cooling when 
designing electronics that must function above typical high (150 °C) temperature ranges, 
or remotely locating the electronics from the high-temperature region. However, active 
cooling is not always a desired option in many applications or the cost can be very high. 
The ability to operate electronic systems at high temperatures will not only make new 
products possible but it will also decrease the cost and increase the reliability of current 
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products by removing the need for large, massive, complex cooling systems and the 
cabling and interconnections required for remote placement of the electronics. 
1.2 Advantages of GaN for HT Electronics 
The temperature limit of semiconductor materials depends highly on their 
bandgaps. The conventional narrow bandgap silicon devices cannot be operated reliably 
above 150 °C due to the generation of thermal carriers which can cause leakage, thermal 
runaway and latch-up at reverse bias[1]. The control of the carrier concentration is crucial 
for the performance of semiconductor devices. The intrinsic carrier concentration for 
several semiconductors as a function of temperature is shown in Fig. 2[6], [7]. At 
temperatures above 300 °C, wide bandgap semiconductor (SiC, GaN, diamond, and AlN) 
with Eg over 3 eV have much lower intrinsic carrier concentrations compared to Si and 
GaAs and, thus, do not run into intrinsic carrier conductivity related issues until much 
higher temperatures. This implies that devices designed for operating above 300 °C 
should be fabricated from wide-bandgap semiconductors to avoid the deterioration effects 
of thermally generated carriers. 
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Fig. 2 Semiconductor intrinsic carrier concentration as a function of temperature[6]. 
SiC-based and GaN based devices are currently the most matured wide-bandgap 
semiconductors. SiC and GaN technologies are attractive for harsh environment 
operation because of their high chemical and physical stability; higher atomic 
displacement energy than many other semiconductor materials. It was reported that the 
practical temperature limit of GaN and SiC are 600 °C[2], sufficient to support long-term 
device operation at high temperature. Mass-produced single-crystal SiC wafers have been 
commercially available while GaN crystals have mostly been grown heteroepitaxially on 
foreign substrates like sapphire and SiC. SiC crystals have much fewer defects than GaN. 
Thus, it is not surprising that more research aimed at HT devices has been carried on SiC 
than GaN. However, GaN also has some important advantages over SiC, i.e. 
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heterojunction device design capability and a direct energy band gap. The AlGaN/GaN 
interface forms easily a high-electron mobility two-dimensional electron gas (2DEG) and 
offers very low channel resistance while SiC devices show rather high channel resistance. 
GaN-base LED has much higher emission efficiency than SiC because GaN has a direct 
bandgap whereas SiC has an indirect bandgap which is unfavorable for light emission. In 
addition, GaN (Eg=3.4 eV) and its alloy with InN (Eg=0.7 eV) has a band gap that is 
continuously tunable from 0.7 to 3.4 eV[8], which covers a broad solar spectrum from 
near-infrared to near-ultraviolet wavelength region, offering a great advantage in design 
and fabrication of high efficiency devices for photovoltaic applications[9], [10]. It is well 
known that GaN is dominating the lighting and RF industries and entering the power 
electronics market. Therefore, HT GaN electronics will bring unprecedented advantages 
in all these applications. 
1.3 High Temperature InGaN Topping Cells for Hybrid Solar Converters 
Photovoltaic (PV) and concentrating solar power (CSP) are the two main ways of 
harvest solar energy. However, PV is unlikely to economically supply much more than 
10% of the world’s electricity due to the high cost of electricity storage[11]. In contrast, 
CSP collects heat, store heat, and dispatch electricity day and night, but it requires very 
large and expensive power plants. The hybrid solar converters which combines PV and 
CSP can address the issue of solar energy storage, and also optimally exploit the solar 
spectrum to realize higher conversion efficiencies and low electricity costs, while 
ensuring the availability of inexpensive dispatchable solar power[11]–[13]. The estimated 
practical electrical efficiency limit of a PV topping hybrid solar converter at 100X 
concentration, versus PV temperature is shown in Fig. 3[11]. The total efficiency of the 
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hybrid solar converter is higher than both PV and CSP alone. Despite the drop of PV 
efficiency at high temperature, the efficiency of CSP increases faster with temperature, 
thus the total efficiency increases with temperature. Also, the dispatchable fraction of 
electricity is above 50% when the hybrid solar converter is operating above 400 °C. 
 
Fig. 3 Estimated practical electrical efficiency limit (black, solid) of a PV topping hybrid 
solar converter at 100X concentration, versus PV temperature. Dashed curves compare 
the dispatchable electricity from heat without PV (green) and in the hybrid system 
(black). Inset schematic shows the hybrid converter configuration[11]. 
One challenge of the hybrid solar converter is that PV cells, based on wide-
bandgap materials, need to be durable for long term operation at high temperatures. GaN 
and its ternary nitride alloy InxGa1-xN has the potential application for the HT PV cells 
due to the wide-bandgap and tunable bandgaps in the range of 0.7 eV and 3.4 eV, 
covering most of the range of solar spectrum. While GaN alone can withstand high 
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temperatures above 600 °C, a major challenge is to develop reliable low resistivity ohmic 
contacts to the device itself. At temperatures higher than 300 °C, failure of the entire cell 
can occur due to the diffusion of the contact metals, oxidation and reactions at the metal-
semiconductor interface. Therefore, the development of thermally and electrically stable 
ohmic contacts for HT operation is critical for HT GaN electronics, including the hybrid 
InGaN solar cells. 
1.4 High Temperature Contacts to GaN 
By contrast with the Si and GaAs devices, which operating temperature is limited 
by the electronic properties of the semiconductor material, the maximum operating 
temperature of GaN devices is limited by stability of the contacts. Some device 
parameters such as response time, output power and etc. depend strongly on the ohmic 
contact resistivity and its stability at high operating temperatures. For example, in the 
InGaN PV devices, contact resistance is part of the series resistance. Increase in the series 
resistance would reduce the fill factor of the PV cells, and thus reduce the efficiency of 
the InGaN PV cells[14]. Therefore stable and low resistivity ohmic contact is considered 
as the critical factor determining GaN-based device performance at high temperature. The 
thermal properties and long term ageing of the ohmic contacts to SiC have been well 
investigated[15]–[19], which provides insights into approaches to evaluation high-
temperature metal contacts to GaN. An InGaN solar cell operating at temperatures in 
excess of 300 °C, requires thermally stable contacts to both n-type GaN and p-type GaN 
capping layers. The focus of this work was specifically derived from the need for 
appropriate ohmic contacts to both n-type GaN and p-type GaN at elevated temperatures 
up to 450 °C, also trying to push the contacts temperature limit to 600 °C. The 
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temperature-dependent contact resistivity of each contacts, their long term stability under 
high temperature aging, and possible contact degradation mechanism are discussed. We 
also introduced a method to evaluate the lifetime of ohmic contacts at elevated 
temperatures using accelerated life testing. 
The success of this work enables the possibility of high temperature operation of 
InGaN solar cell up to 450 °C and unipolar GaN devices, e.g. AlGaN/GaN HEMTs, up to 
600 °C in air ambient, making GaN HT devices good supplements to SiC HT electronics. 
We will be able to use the dispatchable and economic solar energy with better efficiency-
to-cost ratio. The work discussed on contacts will significantly benefit HT power 
electronics and RF electronics where thermal management and thermal stability are of 
high importance. 
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Chapter 2 
THEORY AND BACKGROUND OF OHMIC CONTACTS TO GAN  
2.1 A Primer for Semiconductor-Metal Contacts 
Semiconductor device must be connected through metal contacts to the outside 
world with no adverse change to its current-voltage characteristics and minimum voltage 
drop across the contact. This can be accomplished through low-resistance ohmic contacts 
to the semiconductor. Ohmic contacts in a semiconductor are formed such that the 
majority carriers can flow into the device from an external source (like a voltage or a 
current supply) with minimal resistance. Conventionally metals with appropriate work 
functions are chosen to accomplish no barrier to the majority carrier. However in 
wideband gap semiconductors such as GaN  due to lack of metals with appropriate work 
function or surface pinning effect of the Fermi level, a Schottky based ohmic contact is 
often more common, where majority carrier transport occurs through the barrier by 
tunneling. Such designs involve heavy doping in the semiconductor surface so that the 
carriers can tunnel through the barrier. 
The band alignment effect for n-type semiconductor and p-type semiconductor are 
illustrated in Fig. 4 and Fig. 5, respectively. For metal contact to the n-type 
semiconductor, the barrier height ϕB (before the image force lowering effect) to electrons 
traveling from metal to semiconductor is q(ϕm- χ) while that to electrons traveling from 
semiconductor to metal is q(ϕm- ϕs), ϕm the metal work function, ϕs the semiconductor 
work function, and χ the electron affinity. Similarly, for metal contact to the p-type 
semiconductor, the barrier height to holes traveling from metal to semiconductor is 
Eg+q(χ-ϕm), while that to holes traveling from semiconductor to metal is q(ϕs-ϕm). 
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Therefore, metal with lower work function is preferred to achieve contact to n-type 
semiconductor, and metal with higher work function is preferred to achieve contact to p-
type semiconductor. 
 
 
Fig. 4 Metal and n-type semiconductor pair before contact (a) and after contact (b). The 
metal work function ϕm is greater than that for the semiconductor, ϕs. 
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Fig. 5 Metal and p-type semiconductor pair before contact (a) and after contact (b). The 
metal work function ϕm is smaller than that for the semiconductor, ϕs. 
2.2 Schottky Barrier heights of Metal Contacts to GaN and role of surface states  
The above discussion indicates that the Schottky barrier height of metal-
semiconductor contact depends highly on the metal work function. However, many 
researcher have found that the Schottky barriers of metal contacts to GaN depends 
weakly on the metal work function[20]–[24]. 
The Schottky barrier heights of Ti, Au, Pd, Ni, Pt, with work functions of 4.3eV, 
5.1eV, 5.1eV, 5.15 eV, 5.65 eV, respectively, on n-type GaN are measured to be 
0.58eV[22], 0.94eV[24], 0.94eV[24], 0.99eV[23], and 1.04eV[24], respectively. These 
experimental data illustrates that metal with lower work function has lower Schottky 
barrier height to n-GaN. However, the difference in the Schottky barrier height among 
these metals is significantly smaller than the difference in their work functions, implying 
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that the metal work function is not the only factor affecting the Schottky barriers of metal 
contacts to n-GaN. 
Similarly, the Schottky barrier heights of Ti, Au, Ni, Pt, with work functions of on 
p-type GaN are measured to be 0.65eV, 0.57eV, 0.5eV, and 0.5eV, respectively[25]. 
Higher work function metal shows lower Schottky barrier height to p-GaN, but the 
difference in Schottky barrier heights is small compared to that of metal work function. 
The Schottky barrier of metal contacts to GaN is dominated by the fermi level 
pinning at the surface due to GaN surface states. The minimum barrier height is around 
0.5 eV for both n-GaN contact and p-GaN contact. Therefore, selection of appropriate 
metal alone cannot form low resistivity contact.  The presence of high concentration 
carriers near the metal-GaN interface is essential to form ohmic contact to GaN. 
 
2.3 Summary of Ohmic Contacts to GaN at Room Temperature 
2.3.1 Ohmic Contacts to n-GaN 
Si has been the preferred n-type dopant for GaN. It acts as a shallow donor with 
activation energy ~15 meV. Heavy doping can be easily achieved with electron 
concentration ~1020cm-3. As a result, ohmic contacts can be formed relatively easily by 
using metals having a low work function. Ti and Al are commonly used for 
semiconductor fabrications and they are also popular candidates for ohmic contacts to n-
GaN due to their low work functions, 4.33 eV and 4.28 eV, respectively. Ti and Al based 
metallization schemes, such as Ti-only[26], Al-only[27], Ti/Al bilayer[27], [28], 
Ti/Al/Ti/Au multilayer[29], and so on, have been used to form ohmic contacts to n type 
GaN. It was widely believed that a solid phase reaction occurs between Ti and GaN 
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during the high temperature annealing[29]. Nitrogen out-diffuses from the GaN lattice to 
form TiN and residual nitrogen vacancies act as donors in GaN. A high-resolution 
transmission electron microscopy image of the interfacial area of the Ti/Al/Ni/Au 
contacts to n-GaN after annealing is depicted in Fig. 6, showing the formation of a thin 
poly-crystalline cubic TiN layer at the metal composite-GaN interface[30]. The 
interfacial area therefore becomes heavily doped providing the configuration needed for 
tunneling contacts[29]. Those contacts generally yields specific contact resistivity ρc 
below 1×10-5 Ω cm2. 
 
Fig. 6 High-resolution transmission electron microscopy image of the interfacial area of 
the Ti/Al/Ni/Au contacts to n-GaN after annealing[30].   
However, the Ti-only, Al-only, and the Ti/Al bilayer contacts to n-GaN are not 
reliable for high-power and high-temperature device applications. Both Ti and Al tends to 
be oxidized, which is unavoidable for HT electronics, especially for Ti.  Besides, Al tends 
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to react with GaN and form wide-band-gap AlN at the interface after annealed at 
600 °C[31]. Low melting points of Al (600 °C) presents another problem for thermal 
stability of the Al-only and Ti/Al contacts. Therefore, those contacts will degrade after 
high temperature annealing or operation, and thus can’t be used for HT electronics.  
More complex metallization schemes, such as Ti/Al/Ni/Au multilayer[32]–[34], 
Ti/Al/Pt/Au[35], [36], Ti/Al/Pd/Au[37], and Ti/Al/Mo/Au[38], are widely studied and 
tested at high temperature for forming ohmic contacts to n-GaN and AlGaN/GaN HEMTs. 
In these contact schemes, the low-resistivity Au coating metal is employed to improve the 
resistance to oxidation of the Ti/Al layer during high temperature annealing. On the other 
hand, the barrier metal (Ni, Pt, Pd, Mo) between Au and the Ti/Al layer is introduced to 
prevent the inter-diffusion of Ti, Al, and Au[35], [39], and therefore improve the thermal 
stability of the contact[40]. Hou et al. reported that alloyed Ti/Al/Pt/Au to n-type GaN 
contacts was very stable at 600 °C over 10 hours in an air ambient [41]. The temperature 
dependence of the specific contact resistivity, between 25 °C and 175 °C in Ti/Al/Ni/Au 
ohmic contacts to n-GaN has been reported[42]. The specific contact resistance ρc 
decreases with increasing measuring temperatures which is explained as the current 
transport in the contacts occurs by a thermionic field emission mechanism.  
2.3.2 Ohmic Contacts to p-GaN 
In contrast to n-GaN, stable ohmic contacts with low resistivity to p-GaN are 
much more difficult to achieve due to lack of suitable work function in metals, surface 
states in GaN and deep acceptor [Mg] energy level. The strategy to make ohmic contacts 
to p-type GaN is, in principle, to use metals having a large enough work function to 
facilitate tunneling transport.  However, p-type GaN has fundamental problems, which 
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make it difficult to form device-quality ohmic contacts with a specific contact resistance 
that is lower than 1×10−4 Ω cm2. The first problem is the absence of appropriate metals 
which have a work function that is large than that of the p-type GaN, with bandgap 3.4 
eV and electron affinity 4.1 eV. Ni, Au, Pd, and Pt are widely used for p-GaN contacts, 
and there work function are 5.15 eV, 5.1 eV, 5.12 eV and 5.65 eV, respectively. Thus, a 
high Schottky-barrier is unavoidable on the metal-semiconductor interface. The second 
problem arises from the difficulty in growing highly doped p-GaN, with hole 
concentration above 1×1018 cm-3, due to the high activation energy, ~170 meV, of Mg. In 
growth techniques such as MOCVD reactor where Hydrogen is present during growth, 
formation of Mg-H complexes causes passivation of Mg[43]. However the passivation of 
Mg can be recovered by annealing out the H from the crystal at 700 °C and therefore is 
not a primary issue for high contact resistivity.  
Metal schemes with large work function and also easy to use in device processing, 
such as Ni, Au, Pd, and Pt, have been investigated in order to form low resistance ohmic 
contacts to p-GaN. Ni/Au double layer contact technology to form ohmic contacts to p-
type GaN at room temperature has been widely reported, with a standard ρc ~1×10−3 Ω 
cm2 after rapid thermal annealing (RTA) [44]–[56]. However, the mechanism of forming 
ohmic contact after RTA is still not clear. Ho et al. reported that the decrease of the 
contact resistivity was due to the formation of NiO during the annealing process in 
air[45], and the NiO was found to be p-type conducting with hole concentration of 2×1017 
Ω cm2[47]. Koide et al. proposed that the ohmic contact was achieved due to the increase 
of the hole concentration in GaN surface layer caused by removal of hydrogen atoms 
bonded with Mg acceptors during annealing[57], [58]. Fig. 7 shows a high resolution 
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image of the Ni/Au contact annealed in the air ambient at 500°C for 20 min. The Au layer 
is directly in contact with the GaN surface with sharp interface. There is no NiO or other 
intermixed layer formed at the interface. Ni diffuses away from the metal-GaN interface 
and reacts with oxygen, forming a NiO compound on top of the Au layer. The Ni and Au 
layer sequence is inverted after annealing and no reaction between the metals and the 
GaN is observed at the interface.  
Fig. 8 shows the schematic illustrations of the microstructural change of the 
Ni/Au contacts after annealing in the N2 or air ambient. Before the metal deposition, there 
is a thin contaminated layer with a thickness of around 2 nm, which is unavoidable as the 
GaN epi-layer is exposed to air[59]. Therefore, the as-deposited metal is sitting on top of 
the contaminated layer, likely Ga2O3 (n-type to semi-insulating in nature) offers a higher 
contact resistivity. After annealing in the N2 ambient, Ni reacted with the contaminated 
(oxide) layer and Au, removing the thin contaminated interfacial layer and forming an 
Au–Ni solid solution which intimately contacted the p-GaN surface. Therefore, reduction 
of the ρc value after annealing in the N2 ambient was believed to be due to the intimate 
contact of the metal to the p-GaN surface. Annealing in the air ambient facilitated out-
diffusion of Ni to the Au surface, and Ni was then oxidized, forming the NiO on top of 
the Au layer. Since the Au was not oxidized, the intimate contact of Au to p-GaN 
occurred as a result of the out-diffusion of Ni to the surface. 
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Fig. 7 High-resolution TEM image of Ni/Au contact after annealing in air ambient for 20 
min at temperature of 500°C[57]. 
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Fig. 8 Schematic drawings of microstructure at p-GaN/metal interface of Ni/Au contacts, 
as deposited, annealed in N2 and annealed in air at temperature of 500~600 °C[57]. 
2.4 Challenges in HT Stable Ohmic Contacts 
The ohmic contacts are a critical factor that could restrict the HT device 
application. The high operating temperatures may cause diffusion processes in the contact 
layer and reactions between the contact components, which could lead to changes of the 
contact properties during operation at high temperatures, and deterioration of the devices. 
Also, possible reaction and diffusion between the metal and GaN occur at high 
temperature which may result in reduction of carrier concentration on the surface of GaN 
and thus degrade the ohmic contact. If the contact resistivity is not sufficiently low 
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inadmissible high voltage drop could arise due to the high current density in the contact 
of high power devices. Hence, the following requirements to the ohmic contacts are 
critical for GaN HT applications. 
i) Low contact resistivity – in general, the make of low resistivity ohmic 
contacts is difficult for wide band-gap semiconductors due to the difficulty 
in doping and, in the case of p-type materials, due to the wide forbidden 
band-gap.  
ii) High temperature stability – this problem is very important in the wide 
band-gap semiconductors. In the Si and GaAs devices the maximal 
working temperature is limited by the material stability, because of that 
the problem of the contact stability is important but not critical. The great 
potential of III-V nitrides to work at temperatures up to 600 °C and higher, 
set strong requirements for the thermal stability and reliability of the 
contacts.  
iii) Reproducibility – this requirement is important in the case of the device 
production. Therefore the contact technology should allow the 
achievement not only good performance, but good reproducibility.  
The listed requirements point that the operation of high temperature and high 
power GaN-based devices under severe conditions demands development of electrically, 
thermally and chemically stable metal contacts.   
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Chapter 3 
EXPERIMENTAL STUDY AND METHODOLOGY TO DEVELOP STABLE HT 
CONATCTS TO GAN  
3.1 Transmission Line Method for Characterizing Contact Resistivity 
Transmission Line Method (TLM) was used for evaluating the ohmic contacts to 
n and p type GaN throughout in this study. This technique was proposed by Reeves and 
Harrison. Details about this method are available in their published work[60].  
A schematic diagram of a semiconductor material with ohmic contact pads 
prepared for TLM tests is shown in Fig. 9. The sample is at first mesa-etched usually to a 
depth where there is a natural depletion or insulating layer. This is done in order to isolate 
columns of the conductive epitaxial layer there by restricting current flow within the 
column or the active device (in this case TLM) area. Metal contact pads, of finite width, 
W, are then deposited on the mesa at a linearly increasing pad spacing, d, such that d1 < 
d2 < d3. A constant current is passed between two adjacent pads through two probes; a 
second set of probes are then used to measure the voltage drop enabling the total 
resistance between the pads to be obtained. Separate current source and voltage senses 
are preferred to cancel the resistance of the probes, which otherwise will compromise the 
accuracy of the method especially when the measured total resistance is relatively low. 
The process is repeated and the total resistance is plotted on a linear graph as a function 
of pad spacing, d. An example is shown in Fig. 10.  
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Fig. 9 Schematic diagrams of metal contacts patterned with TLM structure on GaN 
surface and measurement of I-V curves with four-point probes. 
 
Fig. 10 Plot of total resistance as a function of TLM pad spacing. 
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The measured total resistance R(d), between two adjacent pads with spacing d, is 
given by: 
R(d) = 2Rc+Rsemi,                                                         (1) 
where, Rc is the resistance due to the contact between metal and semiconductor, and Rsemi 
is the resistance due to the semiconductor material.  
Rsemi =Rsh*d/W,                                                            (2) 
where Rsh is the sheet resistance of the semiconductor. Therefore, 
R(d) = 2Rc + Rsh*d/W,                                                      (3) 
Thus the contact resistance and the sheet resistance can be derived by plotting R(d) 
vs d. The intercept of the R(d) vs d plot gives the contact resistance while the slope gives 
the sheet resistance. 
Rc = Intercept/2,                                                           (4) 
Rsh = slope*W,                                                            (5) 
The contact resistance depends on the size of the contact, therefore not a 
normalized parameter to compare different samples. Therefore, specific contact 
resistivity, ρc 
ρc = Rc*Ac,                                                              (6) 
where, Ac is the effective area of the contact, is chosen as the normalized parameter to 
quantitatively evaluate and compare the quality of contacts. However, it is not the same 
as the physical area of the contact metal, since the current does not flow uniformly in the 
contact, as shown in Fig. 11.  At the edge of the contact, the current flowing in (or out) is 
significant. Moving away from that edge, the current drops off until, at the far edge, there 
is no current[61]. This is known as “current crowding”. The transfer length, LT, is 
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introduced, which describes the average distance that an electron (or hole) travels in the 
semiconductor beneath the contact before it flows up into or out of the contact. LT = 
𝑅𝑐
𝑆𝑙𝑜𝑝𝑒
, 
is extracted from the standard plot shown in Fig. 10. 
Therefore, the effective area of the contact can be treated as LT *W. Thus, 
ρc = Rc* LT *W= 
𝑅𝑐
2𝑊
𝑆𝑙𝑜𝑝𝑒
,                                                            (7) 
Therefore, both Rsh and ρc can be extracted from the linear plot of R(d) vs d. 
 
Fig. 11 The current flow through the contacts and the semiconductor[61]. 
3.2 Fabrication of Contacts to GaN 
The epitaxial layers of n-GaN and p-GaN were grown by Metal Organic Chemical 
Vapor Deposition (MOCVD).  The layer structure and doping profile is shown in Fig. 12. 
For the n-GaN samples, an unintentionally doped c-plane GaN buffer layer (3.1 um) was 
first grown on sapphire substrate, followed by 300 nm thick n-type GaN with a Si doping 
concentration of 1×1017 cm-3. Then, the n-GaN structure was capped with 100 nm thick 
heavily doped n-type GaN with a Si doping concentration of 1.7×1019 cm-3. For the p-
type contact studies,, an unintentionally doped c-plane GaN buffer layer (3.1 um) was 
first grown on sapphire substrate, followed by 300 nm thick n-type GaN with a Si doping 
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concentration of 1×1017 cm-3 and 100 nm thick p-type GaN with a Mg doping 
concentration of 3×1019 cm-3. The p-GaN structure was capped with 10 nm of p+GaN 
with a Mg doping concentration of 1×1020 cm-3. The p-GaN samples were activated by 
annealing at 700 °C in N2 ambient for 30 min. 
 
Fig. 12 The layer structure and doping profile of the n-GaN and p-GaN samples used for 
HT contact studies. 
The determination of the specific contact resistivity (ρc) and sheet resistance (Rsh) 
were carried out by the TLM measurement. TLM test structures were fabricated on both 
n-GaN and p-GaN samples with layer structures as shown in Fig.12. Fig. 13 shows the 
process flow of the contacts patterned with TLM structures. First,  mesa regions for TLM 
measurements were defined using inductively coupled plasma (ICP) etching to etch down 
to the lightly doped n-type GaN. Next, TLM contact pads, with an area of 100×200 μm2, 
were deposited by e-beam evaporation. A 1-min dip in HCl: DI water (1:3) mixture was 
conducted to remove the native oxide layers prior to e-beam evaporation of the contact 
pads. After deposition and lift-off of the metal contacts, we subjected the samples to a 
rapid thermal annealing (RTA). The RTA conditions are different for each contact. 
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Further details about the RTA conditions have been discussed in the following two 
chapters. 
 
Fig. 13 Process flow of the contact patterned with TLM structures. 
3.3 Contacts Characterization 
 The current-voltage (I-V) characteristics of the annealed contacts were measured 
using a four-point probe station equipped with a Keithley 4200-SCS parameter analyzer. 
The temperature dependence of ρc and Rsh were studied in the range from 25 °C to 400 °C, 
varying the chuck temperature by using an Instec mK2000 temperature controller, as 
shown in Fig. 14. To evaluate the stability of the contacts above 400 °C, a Minibrute 
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furnace, shown in Fig. 15, with N2 or air ambient was used for HT stress test. The contact 
samples were measured before and after the HT stress to see if there is any degradation. 
 
Fig. 14 Four-probe I-V characterization system with a thermal chuck which can heat the 
sample up to 400 °C during the measurement in air. 
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Fig. 15 A Mini-brute furnace for HT stress with N2 and air flow. 
To understand the mechanism that whether the ohmic contact is stable at high 
temperature or it degrades due to the high temperature, high-resolution transmission 
electron microscope (HR-TEM) was used to study the interface between metal and GaN. 
The contacts samples were prepared by either focused ion beam (FIB) or wedge polishing 
technique. Scanning transmission electron microscope (STEM) and in situ electron 
energy loss spectroscopy (EELS) were employed to analyze the interfacial layer or phase 
created by HT thermal stress. The electron microscopy provided strong explanation to 
support the electrical characterization. 
3.4 Summary 
TLM structures were prepared to evaluate various contact metallurgy schemes. 
Besides the electrical characterization done using TLM, the microscopic study of the 
contacts was done with TEM, STEM and EELS. Electrical behavior along with the 
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microstructure images revealed all the information about the contacts and their 
degradation mechanism. Chapters 4 and 5 describe the details of our study. Chapter 6 
shows the application of the TLM results to derive the lifetime of the contacts.  
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Chapter 4 
DEVELOPING OHMIC CONTACTS TO N-GAN FOR HT APPLICATIONS 
4.1 Alloyed Ti/Al/Ni/Au Contacts  
The Ti/Al/Ni/Au multilayer (of thicknesses -  20nm, 120nm, 30nm, and 50nm, 
respectively) metal contacts to n-GaN show excellent ohmic behavior after RTA at 
800 °C in N2 for 30s, as was discussed in Chapter 2. We first measured the TLM 
structures at room temperature in air. The I-V curves, shown in Fig. 16 (a), are quite 
linear, resulting in the plot of measured resistance versus TLM contact spacing, as shown 
in Fig. 16 (b). A sheet resistance, Rsh, of 288 Ω/□ and the specific contact resistivity, ρc, 
of 6.8×10-6 Ω cm2 was derived from the TLM data calculated using the method 
introduced in Chapter 3.   
 
Fig. 16 Electrical characteristics of the alloyed Ti/Al/Ni/Au contacts to n-GaN measured 
at room temperature in air, (a) I-V curves measured between adjacent TLM pads with 
spacing increasing from 3um to 30um, and (b) plot of measured resistance versus TLM 
contact spacing.  
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To understand the HT behavior, the sample was heated up to 400 °C in air and the 
TLM measurements were taken at 300 °C and 400 °C, respectively. The temperature 
dependent I-V characteristics of the alloyed Ti/Al/Ni/Au contacts, measured between two 
adjacent pads with a spacing of 10um, is shown in Fig. 17. As the measurement 
temperature increased, the I-V curves remained linear, but the current reduced slightly, 
indicating an increase of the measured resistance. Fig. 18 shows the temperature 
dependent contact resistivity and sheet resistance of the alloyed Ti/Al/Ni/Au to n-GaN 
contacts. ρc, ~6×10-6 Ω cm2, is indeed independent of the measurement temperature, 
while Rsh increases significantly as the measurement temperature increases, from 288 Ω/□ 
at room temperature to 370 Ω/□ at 400 °C. The increase of n-GaN sheet resistance is 
most likely due to the decrease of electron mobility at high temperature. Therefore, 
although the contacts resistivity of the alloyed Ti/Al/Ni/Au to n-GaN contacts did not 
change with the ambient temperature, the n-GaN layers became more resistive as the 
temperature increased. 
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Fig. 17 Temperature dependent I-V characteristics of the alloyed Ti/Al/Ni/Au contacts, 
measured between two adjacent pads with gap spacing 10um. 
 
Fig. 18 Contact resistivity and sheet resistance of the alloyed Ti/Al/Ni/Au to n-GaN 
contacts as a function of measurement temperature. 
-0.4 -0.2 0.0 0.2 0.4
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
 
 
C
u
rr
e
n
t 
(A
)
Voltage (V)
 RT
 300
o
C
 400
o
C
0 100 200 300 400
1E-6
1E-5
1E-4
 Contact resistivity
 Sheet resistance
Temperature (C)
 
c
 (

c
m
2
)
RT
280
320
360
R
s
h  (

)
32 
 
To further investigate the thermal stability of the alloyed Ti/Al/Ni/Au to n-GaN 
contacts at 400 °C in air, the samples were held at 400 °C for 3h, during which the TLM 
structures were measured multiple times. Fig. 19 shows the time evolution of contact 
resistivity and sheet resistance as the samples were held at 400 °C for 3 h. Both ρc and Rsh 
were very consistent at 400 °C and no degradation could be observed during the 3h high 
temperature testing. When the sample was cooled down to room temperature, both ρc and 
Rsh returned to their initial values measured prior to the high temperature testing. Based 
on the above analysis, the sheet resistance of n-GaN is a function of measurement 
temperature, but it is independent of the time subjected at those high temperatures.  The 
change in sheet resistance was reversible when the sample was cooled down to room 
temperature. The contact resistivity is independent of the measurement temperature and it 
was very steady at 400 °C with ambient air.  
 
Fig. 19 Contact resistivity and sheet resistance of the Ti/Al/Ni/Au to n-GaN contacts as a 
function of time under 400 °C.  
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To test the stability of the alloyed Ti/Al/Ni/Au to n-GaN contacts at 450 °C in air, 
the sample was subjected to a Minibrute furnace and baked at 450 °C for 8 hours. Fig. 20 
(a) and (b) shows the comparison of contacts surface before and after the 8-hour bake at 
450 °C in air, respectively. No visible difference was observed. Also, there was 
negligible change in contact resistivity and sheet resistance that were extracted from the 
plots of measured resistance versus TLM contact pads spacing, pre-bake (c) and post-
bake (d).  
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Fig. 20 Microscopy images of the alloyed Ti/Al/Ni/Au contacts surface, pre (a) and post 
(b) the 450 °C bake, respectively. Plots of measured resistance versus TLM contact pads 
spacing, pre (c) and post (d) the 450 °C bake, respectively. 
To find out the temperature limit of the contact in air ambient, a new sample was 
prepared. The sample with the alloyed contacts after post-deposition RTA offered a ρc of 
5.9×10-6 Ω cm2 with a Rsh of 441 Ω/□. Then the sample was sequentially subjected to 
400 °C, 500 °C, 550 °C, and 600 °C in the Minibrute furnace with air ambient for 4 hours 
at each temperature. The sample was taken out and cooled down to RT for the TLM 
measurement after the thermal stress at each temperature. The change of ρc and Rsh are 
shown in Fig. 21. The sheet resistance was very consistent after each thermal stress, 
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showing values around 445 Ω/□, indicating thermal stress up to 600 °C did not cause 
significant change in the conduction layer of n-GaN. The contact resistivity increased 
after thermal stress at 500 °C for 4 hours, but it then decreased after thermal stress at 
550 °C for 4 hours. Finally, ρc showed a tendency to stabilized around 1×10-6 Ω cm2 after 
thermal stress at 600 °C for 4 hours. 
 
Fig. 21 The change of contact resistivity and sheet resistance of the alloyed Ti/Al/Ni/Au 
contacts after thermal stress at 400 °C, 500 °C, 550 °C, and 600 °C for 4 hours each with 
ambient air. 
Similar study was done on the Ti/Al/Mo/Au contacts, which uses a layer of Mo 
instead of Ni for the diffusion barrier. The Ti/Al/Mo/Au contacts, with thicknesses of 
20nm, 120nm, 30nm, and 50nm, respectively, were also subject to RTA at 800 °C in N2 
for 30s. The TLM test structures showed good ohmic behavior with ρc of 3.7×10-5 Ω cm2 
and Rsh of 314 Ω/□. Fig. 22 shows the change of ρc and Rsh of the alloyed Ti/Al/Mo/Au 
contacts after thermal stress at 400 °C, 500 °C, 550 °C, and 600 °C for 4 hours each with 
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ambient air. Similar to those with the alloyed Ti/Al/Ni/Au contacts, sheet resistance was 
not affected by the thermal stress at temperatures up to 600 °C while contact resistivity 
increased after the 500 °C thermal stress and decreased after the 550 °C thermal stress.  
 
Fig. 22 The change of contact resistivity and sheet resistance of the alloyed Ti/Al/Mo/Au 
contacts after thermal stress at 400 °C, 500 °C, 550 °C, and 600 °C for 4 hours each with 
ambient air. 
In summary, the Ti/Al/Ni/Au contacts as well as the Ti/Al/Mo/Au contacts 
showed very low contact resistivity and very good stability after the post-deposition RTA 
at 800 °C. High temperature stress, up to 600 °C, did not affect the sheet resistance of n-
GaN. 500 °C thermal stress would increase the contact resistivity, but higher temperature 
(> 550 °C) stress tends to improve the contact resistivity. 
To understand the underlying reason for the high temperature stability of the 
alloyed contacts, transmission electron microscope (TEM) was used to study the 
microstructure of the contacts interface. Fig. 23 shows the TEM images of the alloyed 
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Ti/Al/Ni/Au contacts to n-GaN. Clearly there is a thin layer between the GaN and the 
metal alloy, shown in Fig. 23 (a). This layer is identified as TiN because it has a cubic 
crystal structure and shows a lattice constant of 4.23 Å, shown in Fig. 23 (b), matching 
that of TiN. The layer of TiN was formed by the reaction between Ti and the N atoms 
from GaN lattice during the RTA at 800 °C. As mentioned in Chapter 2, the formation of 
TiN, creating a lot of N vacancies, is responsible for the low contact resistivity of the 
alloyed contacts. On the other hand, TiN is a hard, dense, refractory material with high 
electrical conductivity[62], [63]. It has a melting point of 2,930 °C and it won’t oxidize 
until 800 °C[63]. The good corrosion and erosion resistance of TiN, and its relative 
inertness make it widely used as diffusion barriers in microelectronic devices. Therefore, 
the layer of TiN is the key for the stability of the alloyed contacts at high temperature, 
very stable itself and preventing further interfusion and reaction between metal and GaN. 
 
Fig. 23 Cross-section TEM images of the alloyed Ti/Al/Ni/Au contacts to n-GaN. (a) 
Low magnification image of the interface and (b) high resolution image of the interfacial 
TiN layer. 
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4.2 Non-Alloyed Al/Au Contacts  
In the previous discussion, the alloyed Ti/Al/Ni/Au contacts showed very low 
contact resistivity, ρc ~6×10-6 Ω cm2, and very good stability up to 600 °C in air. 
However, the contact surface is very rough, with root-mean-square (rms) roughness of 70 
nm, probably due to the low melting point of Al, causing the lateral diffusion of Al and 
ball up. Also the alloyed contacts have several complex phases, e.g. Al-Au, Al-Ni, Ti-Al 
and TiN, which could also increase the surface roughness. Besides, the interface of metal 
and GaN is relatively rough, shown in Fig. 23(a), due to the reaction between metal and 
GaN during the 800 °C annealing. In addition, Fig. 23 (b) shows that there is a thin layer 
with thickness of 5nm-10nm “damaged” by the alloying, giving the possibility of metal 
diffusion or spiking into GaN surface. The diffusion of metal into GaN could kill some 
GaN devices in which the surface layer is very thin, only a few nanometers. Therefore, 
the non-alloy ohmic contacts is also necessary for GaN high temperature applications. 
As discussed in Chapter 2, Al forms ohmic contact to n-GaN without annealing. 
Adding a cap layer of Au could help to prevent the oxidation of Al and increase the metal 
conductivity as well. The Al/Au bilayer contacts with thickness of 30nm and 300nm, 
respectively, were tested at room temperature. Fig. 24(a) shows the I-V curves measured 
on the TLM structures and Fig. 24(b) shows the plot of measured resistance versus TLM 
contact pad spacing. The extracted Rsh and ρc were 548 Ω/□ and 3×10-4 Ω cm2, 
respectively. Although the contact resistivity is much higher than that of the alloyed 
contacts, it is low enough for the purpose of photovoltaic applications. 
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Fig. 24 Electrical characteristics of the as deposited Al/Au contacts to n-GaN measured at 
room temperature in air, (a) I-V curves measured between adjacent TLM pads with 
spacing increasing from 3um to 30um, and (b) plot of measured resistance versus TLM 
contact spacing.  
To study the high temperature stability and limit of the Al/Au ohmic contacts, the 
contact sample was subjected to 400 °C, 500 °C, 550 °C, and 600 °C, sequentially, in the 
Minibrute furnace with air ambient for 4 hours at each temperature. The change of ρc and 
Rsh is shown in Fig. 25. Rsh increased from 548 Ω/□ to 600 Ω/□ after thermal stress at 
400 °C for 4 hours, indicating possible reaction between the metal and n-GaN surface 
layer, but it did not increase further after higher temperature stress. ρc was reduced 
significantly by the 400 °C thermal stress, from 3×10-4 Ω cm2 to 1.6×10-5 Ω cm2. Higher 
temperature stress caused slight reduction in ρc. The Rsh and ρc measured after thermal 
stress at 600 °C for 4 hours are 601 Ω/□ and 5×10-6 Ω cm2, respectively. Therefore, the 
non-alloyed Al/Au contacts also show very low contact resistivity and very good stability 
for 600 °C operation. 
40 
 
 
Fig. 25 The change of contact resistivity and sheet resistance of the Al/Au contacts after 
thermal stress at 400 °C, 500 °C, 550 °C, and 600 °C for 4 hours each with ambient air. 
To understand the underlying mechanism of forming such contacts with low 
resistivity and high temperature stability, TEM study was conducted on the Al/Au sample 
after the 4 hour thermal stress at 600 °C in air. The cross-section view of metal-GaN 
interface is shown in Fig. 26. The TEM image indicates that there is a metal layer with 
thickness around 66nm on the interface and another layer with thickness around 237nm 
on top of that, while the as deposited thickness of Al and Au are 30nm and 300nm, 
respectively. Scanning transmission electron microscope (STEM) and in situ electron 
energy loss spectroscopy (EELS) were used to identify these two layers. Fig. 27 shows a 
high resolution STEM image of the metal-GaN interfacial area. A flat and sharp interface 
is observed, indicating that the reaction between metal and GaN and the diffusion of 
Initial 350 400 450 500 550 600
1E-6
1E-5
1E-4
1E-3
 

c
(

c
m
2
)
 
 
Thermal Stress Temperature (C)
500
550
600
R
s
h  (

)
41 
 
metal into GaN are negligible. EELS scan was conducted across the 66nm interfacial 
layer, shown in Fig. 28(a). The EELS spectrum of N, O, Ga, Al, and Au are shown in Fig. 
28(b), clearly indicating that the 66 nm interfacial metal layer consists of Al, O , and Au, 
while the top layer consists of only Au. This suggests that there was gold diffusion into 
the interface and oxygen reaction with aluminum during the thermal stress in air. It is 
interesting that inspite of the presence of oxygen with Au, which has high work function, 
the the interfacial layer complex allows the formation of low resistivity contacts to n-
GaN. Further study of the Al-O-Au complex in forming ohmic contact is needed. 
However, it seems that this Al-O-Au complex reaches a saturation state, which is very 
stable at high temperature. 
 
Fig. 26 Cross-section TEM image of the Al/Au contacts to n-GaN after thermal stress at 
600 °C in air for 4 hours.  
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Fig. 27 STEM image of the interfacial area on the Al/Au to n-GaN contacts after thermal 
stress at 600 °C in air for 4 hours. 
 
Fig. 28 (a) EELS scan trace, across the 66 nm interfacial layer and (b) EELS spectrum of 
N, O, Ga, Al, and Au on the Al/Au to n-GaN sample after thermal stress at 600 °C in air 
for 4 hours. 
5 nm
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4.3 Summary 
In this chapter, both alloyed and non-alloyed contacts to n-GaN were developed 
for high temperature applications. Both of them show low resistivity, ~10-6 Ω cm2, and 
good stability up to 600 °C in air. 
The alloyed Ti/Al/Ni/Au contact can be easily achieved, showing ρc ~ 6.8×10-6 Ω 
cm2 at room temperature. Temperature dependent measurements, up to 400 °C, show that 
the contact resistivity is independent of the measurement temperature while the sheet 
resistance of n-GaN increased from 288 Ω/□ at room temperature to 370 Ω/□ at 400 °C, 
due to the decrease of electron mobility at high temperature. It must be mentioned that 
the change in the sheet resistance of n-GaN was reversible. After the contacts were 
cooled down to room temperature the contact resistivity restored its initial value. Stability 
of the contact was first tested by subjecting the sample to 450 °C for 8 hours. No 
degradation in contact resistivity and sheet resistance was observed after the thermal 
stress. The contact was tested further at higher temperature up to 600 °C. No change in 
sheet resistance of n-GaN was observed, and in fact the contact resistivity improved 
slightly after the contacts were subjected to 600 °C for 4 hours in air. The alloyed 
Ti/Al/Mo/Au contact showed similar properties to the alloyed Ti/Al/Ni/Au contact, but 
offered higher contact resistivity. TEM study of the contact microstructure indicates that 
the formation of TiN on the metal-GaN interface is responsible for the low resistivity and 
high stability contact. 
The non-alloyed Al/Au contact offered a ρc ~ 3×10-4 Ω cm2 before any high 
temperature testing was conducted. The contact resistivity decreased after thermal stress 
at 400 °C, 500 °C, 550 °C, and finally stabilized to 5×10-6 Ω cm2, same as that of the 
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alloyed contact, after thermal stress at 600 °C for 4 hours in air. Instead of showing 
degradation, ρc was reduced by two orders of magnitude. TEM, STEM, and EELS studies 
showed the formation of Al-O-Au complex at the interface, caused by the thermal stress 
in air. The interfacial Al-O-Au played an important role in reducing the contact resistivity 
and maintaining good stability at temperatures up to 600 °C in air. 
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Chapter 5 
DEVELOPING OHMIC CONTACTS TO P-GAN FOR HT APPLICATIONS  
5.1 Annealed Ni/Au Contacts to p-GaN 
5.1.1 Electrical Characterization 
The most commonly used metallization structure for p-GaN ohmic contacts has 
been the Ni/Au stack. In fact, such metallization scheme was used even in the early 
generations of GaN blue LEDs as early as 1993[64]. 
After the deposition and lift-off of the Ni/Au layers of thickness 20 nm/200 nm, 
the samples were subjected to a rapid thermal annealing (RTA) process at 500 °C, 550 °C, 
and 600 °C in a N2 ambient for various time intervals. The current-voltage (I-V) 
characteristics of the annealed contacts were measured using a four point probe station 
equipped with a Keithley 4200-SCS parameter analyzer. Fig. 29 shows the extracted 
contact resistivity as a function of RTA time at 500 °C, 550 °C, and 600 °C, respectively. 
The contacts formed by RTA at 600 °C for 3 minutes showed the lowest specific contact 
resistivity ρc, 1.6×10-3 Ω•cm2, with a sheet resistance Rsh of 1.3×105 Ω/□. ρc and Rsh were 
extracted from the linear plot of measured resistance (Rmeasured) versus contact pad 
spacing, shown in Fig. 30, according to the TLM model. The linear I-V curves of this 
optimized contacts are shown in the graph inset of Fig. 30, depicting very good ohmic 
behavior at room temperature (25 °C). This optimized Ni/Au contact were then subjected 
to the study for high temperature applications. 
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Fig. 29 Extracted contact resistivity as a function of rapid thermal annealing time at 500 
°C, 550 °C, and 600 °C, respectively. 
 
Fig. 30 Measured resistance versus TLM pad spacing after the Ni/Au to p-GaN contacts 
were annealed at 600 °C in N2 for 3 min. The inset picture shows the I-V curves 
measured between adjacent contact pads with various spacing.  
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A. Dependence of ρc and Rsh on temperatures up to 390 °C 
The temperature dependence of the specific contact resistivity and sheet resistance 
were studied in the range of 25-390 °C, varying the temperature of the probe station 
chuck by using an Instec mK2000 temperature controller. Fig. 31 shows the I-V 
characteristics of the contacts, measured at various temperatures between 25 °C and 390 
°C, taken between two adjacent TLM pads with gap spacing 5 um. The contacts remain 
ohmic at all temperatures from 25 °C to 390 °C with the current increasing with the 
increasing temperature. The current at 390 °C was 10 times higher than that at 25 °C. The 
ρc and Rsh values of the contacts, extracted from the TLM measurements, as a function of 
the measurement temperature are shown in Fig. 32 (a) and (b), respectively. Both specific 
contact resistivity and sheet resistance decreased with increasing measurement 
temperature. ρc decreased by a factor of 10, i.e., from 1.6×10-3 Ω•cm2 at 25 °C to 1.6×10-4 
Ω•cm2 at 390 °C. Rsh decreased by a factor of 11, i.e., from 1.3×105 Ω/□ at 25 °C to 
1.2×104 Ω/□ at 390 °C. The reduction in ρc and Rsh was due to the increased hole 
concentration at high temperature, as expected [65], leading to 10 times increase in the 
current. Therefore, although ohmic contacts to p-GaN is difficult to achieve at RT, the 
Ni/Au to p-GaN contacts shows superior ohmic behavior at elevated temperatures. 
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Fig. 31 Temperature dependent I-V characteristics of the annealed Ni/Au to p-GaN 
contacts, taken between two adjacent pads with gap spacing 5um. 
 
49 
 
 
Fig. 32 Temperature dependent specific contact resistivity ρc, (a), and sheet resistance 
Rsh, (b) of the annealed Ni/Au to p-GaN contacts. 
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B. Stability of the contacts at 450 °C in air 
The thermal stability of the annealed Ni/Au to p-GaN contacts was tested on several 
samples with the optimized annealing condition, showing an average initial ρc of 2.2×10-3 
Ω•cm2. The samples were placed in a Minibrute furnace at 450 °C with ambient air for a 
maximum time of 48 hours. During this 48 hours of test the samples were taken out of the 
furnace and the I-V characteristics were measured at room temperature at regular 
intervals. Fig. 33 shows the plot of measured resistance versus contact pad spacing after 
the sample was subjected to 450 °C in the ambient of air for 48 hours. The I-V curves 
obtained after 48 hours of high temperature thermal stress, as shown in the inset of Fig. 
33, validate that the contacts maintained very good ohmic behavior. The ρc and Rsh 
extracted from Fig. 33 are 1.4×10-3 Ω·cm2 and 1.32×105 Ω/□, respectively. The reduction 
in ρc and Rsh, compared with those before the high temperature stress, are approximately -
36% and 6%. While the change of Rsh was negligible while the improvement in the ρc was 
possibly a result of further annealing of the contacts, leaving some room for typical errors 
incurred in the TLM method [66].  
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Fig. 33 Measured resistance versus TLM pad spacing after the annealed Ni/Au contacts 
samples were subjected to 450 °C in air for 48 h. The inset picture shows the I-V curves 
measured between contact pads with various spacing from 3um to 30 um. 
Fig. 34 (a) shows the time evolution of the specific contact resistivity measured and 
averaged over at least four samples after thermal stress at 450 °C in air for up to 48 hours. 
A significant increase and then decrease in ρc was observed during the initial 10-hour 
“burn-in” period[41]. After the first 10 hours, the ρc decreased slowly and stabilized at 
~2×10-3 Ω·cm2.  No degradation was observed thereby demonstrating excellent thermal 
stability of these contacts at 450 °C in air. Fig. 34 (b) shows the time evolution of the 
sheet resistance during the 48-hour thermal stress at 450 °C in air, obtained from the 
same TLM readings. The change in Rsh is negligible, as expected, because the both 
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metals, Ni and Au, don’t react with GaN and 450 °C is far below the dissociation 
temperature limit of GaN[2], [67]. The measurements were repeated for multiple TLM 
structures across the samples and the results were consistent, showing excellent stability 
of our contact process. 
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Fig. 34 Time evolution of the specific contact resistivity ρc, (a), and sheet resistance Rsh, 
(b), of the annealed Ni/Au contacts over the 48-hour thermal stability test at 450 °C in 
air. 
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C. Contacts degradation above 450 °C 
To identify the high temperature limit of the contacts, the test sample was 
sequentially subjected to thermal stress at 500, 550, 600, 650, and 700 °C for 4 hours 
each in the Minibrute furnace with ambient air. I-V characteristics were measured at room 
temperature after each thermal stress and the specific contact resistivity was extracted. 
Fig. 35 (a) shows the I-V characteristics of the contacts between two adjacent TLM pads 
with a spacing of 5 μm, at room temperature and then before and after each thermal stress 
cycle at temperatures up to 650 °C. The I-V curves remain linear even after thermal stress 
at 650 °C for 4 hours, but the current is significantly reduced as the temperature increases 
to 650 °C.  Fig. 35 (b) shows the evolution of the specific contact resistivity caused by 
the thermal stress at temperatures above 450 °C. ρc increases by 69% after 4 hours of 
thermal stress at 500 °C, further increasing by 400% after 4 hours of thermal stress at 550 
°C, by 180% after 4 hours of thermal stress at 600 °C, and by 152% after 4 hours of 
thermal stress at 650 °C. The sheet resistance of p-GaN also increased significantly 
especially after thermal stress at 600 °C and 650 °C, shown in Fig. 36, indicating that the  
hole concentration at the surface was reduced probably caused by high temperature 
thermal stress. The reduction in the surface hole concentration is responsible for the 
degradation in contact resistivity. The contacts showed rectifying I-V curves after being 
subjected to 700 °C in air for 4 hours and the current was reduced by three orders of 
magnitude compared to the initial value, shown in Fig. 37.  
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Fig. 35 (a) I-V characteristics measured at room temperature and taken between two 
adjacent TLM pads with gap spacing 5 um and (b) the extracted ρc of the Ni/Au contacts 
after being subjected to thermal stress at 500 °C, 550 °C, 600 °C, and 650 °C in series in 
air.   
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Fig. 36 The extracted Rsh of the Ni/Au contacts after being subjected to thermal stress at 
500 °C, 550 °C, 600 °C, and 650 °C in series in air.   
 
 
Fig. 37 I-V characteristics of the Ni/Au contacts measured at room temperature after 
being subjected to 700 °C for 4 hours in air. 
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5.1.2 Microstructure Characterization 
In order to understand the root cause for the good stability of the annealed Ni/Au 
contacts at high temperatures up to 450 °C in air, we performed transmission electron 
microscopy (TEM) study on the contact interface. The first set of TEM was conducted 
after the sample was annealed, but before any further thermal stress.  
The cross-section image of the annealed contacts is shown in Fig. 38. Clearly it 
has three layers and two interfaces, marked as interface 1 and interface 2. The high-
resolution TEM images of interface 1 and interface 2 are shown in Fig. 39 and Fig. 40, 
respectively. The three layers are identified as NiO, Au, and GaN by the lattice 
parameters measured from the high-resolution TEM images, shown in Fig. 39 and Fig. 40. 
The TEM study provides direct evidence of the layer reversal between the as deposited 
Ni and Au. Au diffuses into the metal-GaN interface while Ni diffuses out to the surface 
of Au and reacts with air to form NiO during the post-deposition annealing. In addition, 
Fig. 40 shows very flat and sharp interface between Au layer and GaN layer, with Au 
lattice grown epitaxially on GaN lattice. The epitaxial structure of Au-GaN interface is 
believed to play an important role in forming good ohmic contacts to p-GaN. Early 
reports show that direct deposition of Au on p-GaN surface does not result in low-
resistance ohmic contacts [68], [25]. It must be mentioned here that the deposition of Au, 
as a noble metal, will start with nucleation of gold particles, followed by lateral cluster 
growth, then coarsening, and finally a continuous layer [69]. Therefore, the Au layer 
would be polycrystalline or non-crystalline, and it won’t form epitaxial structure with 
GaN. However, in the Ni/Au contacts system, a wetting layer of Ni is used to remove the 
surface oxide by reacting with O and diffusing out to the surface of Au while Au diffuses 
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into the metal-GaN interface and form intimate epitaxial structure with GaN lattice. The 
epitaxial structure of Au on p-GaN is also responsible for the high temperature stability 
of the contacts because Au doesn’t react with GaN and Au doesn’t diffuse into GaN 
unless the temperature is very high. 
 
Fig. 38 Cross-section TEM image of the Ni/Au contacts after post-deposition annealing, 
showing three layers with two interfaces. 
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Fig. 39 High-resolution TEM image of the top interface, marked as interface 1, of the 
annealed Ni/Au contacts. 
 
 
Fig. 40 High-resolution TEM image of the metal-GaN interface, marked as interface 2, of 
the annealed Ni/Au contacts. 
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The samples with the TLM test structures were subjected to thermal stress at 
700 °C for 4 hours in air, showing rectifying I-V characteristics, was also prepared for 
TEM analysis to investigate the degradation mechanism. 
The cross-section TEM image of the degraded contacts is shown in Fig. 41. Both 
the metal-GaN interface and GaN surface are very rough with a new layer formed 
between GaN and metal, indicating strong reaction on the interface during the thermal 
stress at 700 °C in air. The high resolution TEM image for the interfacial area is shown in 
Fig. 42. Au and GaN are identified by the lattice parameters and the interfacial layer 
shows similar lattice parameter to GaN, implying the formation of Gallium oxide. The 
insulating gallium oxide layer can be produced by thermal oxidation of Gallium-polar 
GaN at high temperature [70]–[73]. Therefore, the formation of Gallium oxide on the 
contacts interface is believed to be the root cause for the degradation in contact resistivity. 
The study of the degradation mechanism provided us with evidences of oxidation. 
Extension of the lifetime or increase of the operating temperature limit should be possible 
by encapsulation of the GaN surface with SiN with appropriate wire bonding techniques, 
so that there is no path for the oxygen to react with GaN. 
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Fig. 41 Cross-section TEM image of the Ni/Au contacts after thermal stress at 700 °C for 
4 hours in air. 
 
Fig. 42 High-resolution TEM image of the interfacial area on the Ni/Au contacts after 
thermal stress at 700 °C for 4 hours in air. 
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5.2 Indium Tin Oxide Contacts to p-GaN 
Previous section shows that the annealed Ni/Au to p-GaN contact is very stable at 
temperatures up to 450 °C in air and the contact resistivity increases only slightly after 4 
hours at 500 °C. However, the low transmittance associated with this metal contact, with 
total thickness of 220 nm, acts as a bottleneck when applied to optoelectronics, e.g. LED 
and solar cell. Although the transmittance can be increased by using very thin metal layer, 
it leads to large series resistance effects that in turn cause lower efficiency, increased 
device temperature, non-uniform light emission, and so on. Transparent and conducting 
contacts can be used to combat this problem. Indium tin oxide (ITO) has been widely 
used as the transparent conductive electrodes in organic and inorganic optoelectronic 
devices because of its high optical transmittance in the visible wavelength and good 
electrical conductivity [74]–[76]. In commercial GaN-base LEDs and solar cells, ITO is 
deposited on p-GaN is used as the transparent conductive electrodes to spread the current 
more uniformly, and many studies on the ITO ohmic contacts to p-GaN have been 
reported [77]–[80]. 
In addition to the contact resistivity between ITO and p-GaN, the film resistivity 
of ITO is another factor affecting the series resistance of InGaN solar cell, because ITO is 
a semiconductor with typical resistivity two orders of magnitude higher than that of metal, 
so the film resistivity is not negligible. The conductivity of ITO is attributed to oxygen 
vacancies in the film, substantial tin donor dopants, and film crystallinity [81]–[83]. 
Therefore, the resistivity is highly dependent to the growth condition, annealing 
temperature, and oxygen pressure. In the high temperature solar cell, the resistivity of 
ITO film could be affected by the operating temperature and ambient. 
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The ITO contact used for high temperature InGaN solar cell was prepared by the 
company of Photonitride Devices Inc. The ITO film with thickness of 150 nm was 
deposited in vacuum by e-beam evaporation using a source composed of 90 wt% In2O3 
and 10 wt% SnO2. Since the as-deposited ITO film is not transparent due to oxygen 
deficiency, annealing at 500 °C in air for 1 hour is needed to turn the opaque film into a 
transparent film. Two TLM structures, A and B shown in Fig. 43 (a) and (b), respectively, 
were made to test the contact resistivity and film resistivity. Measurements on TLM A 
gave the contact resistivity of ITO to p-GaN contact while measurements on TLM B gave 
the sheet resistance of ITO layer. 
 
Fig. 43 Two TLM structures to test the contact resistivity of ITO to p-GaN, (a), and the 
sheet resistance of ITO film, (b), respectively. 
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 Fig. 44 (a) shows the I-V characteristics of the ITO to p-GaN contact after post-
deposition annealing at 500 °C in air for 1h, measured on TLM A, depicting good ohmic 
behavior of the contact. The plot of measured resistances versus TLM contact spacing, 
shown in Fig. 44 (b), gives ρc of 9.4×10-3 Ω·cm2. The sheet resistance of ITO film, 
extracted from measurements on TLM B, is 27.8 Ω/. The converted resistivity of ITO 
is 4.2×10-4 Ω·cm, showing very good conductivity. 
 
Fig. 44 (a) I-V characteristics of the ITO to p-GaN contact after post-deposition 
annealing at 500 °C in air for 1h, measured on TLM A, and (b) plot of measured 
resistance versus TLM contact spacing. 
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The high temperature stress tests were performed in a N2 ambient first, because 
the high temperature solar cell was preferred to operating in a non-oxidizing ambient. 
The annealed samples were subjected to the Mini-brute furnace at temperatures up to 
450 °C with N2 flow, which was not a pure N2 ambient.  
Fig. 45 (a) shows the I-V characteristics measured on TLM A of the ITO to p-
GaN contact after thermal stress at 450 °C in N2 for 8h,. The currents were significantly 
reduced compared with those before the thermal stress, indicating the degradation of the 
contacts. The plot of measured resistance versus TLM contact spacing, shown in Fig. 45 
(b), gives ρc of 2.7×10-2 Ω·cm2. The sheet resistance of ITO film, extracted from 
measurements on TLM B, is 11.5 Ω/, much lower than that before the thermal stress at 
450 °C in N2. The reduction in the sheet resistance is possibly due to the out-diffusion of 
oxygen in the ITO film during the thermal stress in N2 ambient, which would increase the 
carrier concentration by introducing more oxygen vacancies, and thus the ITO film 
becomes more conductive. The out-diffusion of oxygen is most likely the cause for the 
shift of ITO work function. ITO was reported to have work functions between 4.8 and 5 
eV, which can be controlled by altering the chemical composition[84]. The work function 
of ITO decreases as the carrier concentration increases[85], [86]. Out-diffusion of oxygen 
will reduce the work function of ITO, while absorption of oxygen will increase the work 
function. The decrease in the work function of ITO, caused by the thermal stress in N2 
ambient, is believed to be responsible for the contact degradation. To take a close look at 
this phenomenon, thermal stress test at lower temperatures in N2 were performed. No 
degradation was observed after a 8h thermal stress at 300 °C in N2, however, ρc increased 
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by 25% when the thermal stress was conducted at 350 °C in N2 for 8h. Therefore, the out-
diffusion of oxygen happens at temperature around 350 °C in non-oxygen ambient. 
 
Fig. 45 (a) I-V characteristics of the ITO to p-GaN contact after thermal stress at 450 °C 
in N2 for 8h, measured on TLM A, and (b) plot of measured resistance versus TLM 
contact spacing. 
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The above discussion indicates that the ITO to p-GaN contact is stable up to 
300 °C in N2 ambient. Higher temperature stress in non-oxygen ambient will cause out-
diffusion of oxygen, reducing the work function of ITO which in turn increases the 
contact barrier. To solve this problem, thermal stress tests were conducted in air as well 
carrying plentiful oxygen supply. Fig. 46 (a) shows the I-V characteristics of the ITO to 
p-GaN contact after thermal stress at 450 °C in air for 8h, measured on TLM A are very 
similar to those before the thermal stress test. The ρc extracted from the plot of measured 
resistance versus TLM contact spacing, shown in Fig. 46 (b), is 9.2×10-3 Ω·cm2. The 
sheet resistance of ITO film, extracted from measurements on TLM B, is 28.9 Ω/. The 
difference in those values, before and after thermal stress, is negligible, indicating good 
stability of the ITO contact at temperatures up to 450 °C in air. 
The sample was then thermally stressed at 500 °C in air for 8 hours. The currents 
measured on the TLM A were significantly reduced, shown in Fig. 47 (a). The extracted 
ρc was 3.6×10-2 Ω·cm2, shown in Fig. 47 (b), three times higher than that after the 450 °C 
thermal stress in air. The sheet resistance of ITO film, extracted from measurements on 
TLM B, also increased significantly from 28.9 Ω/ to 48 Ω/. The increase in sheet 
resistance is probably due to the reduction of oxygen vacancy. Thermal stress at high 
temperature in air will introduce more oxygen into ITO, so the oxygen deficiency can be 
recovered. In addition, the donor dopant Sn in ITO may also form Sn-O bonds, reducing 
the concentration of Sn4+. Lower concentration of Sn4+ results in higher ITO resistivity 
[87]. Therefore, in contrast to the degradation in N2 ambient caused by the out-diffusion 
of oxygen, the degradation in air at high temperature is attributed to the absorption of 
excessive oxygen.  
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Fig. 46 (a) I-V characteristics of the ITO to p-GaN contact after thermal stress at 450 °C 
in air for 8h, measured on TLM A, and (b) plot of measured resistance versus TLM 
contact spacing. 
 
  
 
69 
 
 
Fig. 47 (a) I-V characteristics of the ITO to p-GaN contact after thermal stress at 500 °C 
in air for 8h, measured on TLM A, and (b) plot of measured resistance versus TLM 
contact spacing. 
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5.3 Summary 
In this chapter, two types of contacts for p-GaN have been extensively studied, 
viz. annealed Ni/Au contact and annealed ITO contact. 
The annealed Ni/Au contacts, measuring an initial ρc ~2×10-3 Ω·cm2 at room 
temperature retained its ohmic behavior at all temperatures from 25 °C to 390 °C. It 
showed superior ohmic behavior at elevated temperatures. Both contact resistivity and the 
sheet resistance of p-GaN reduced by one order of magnitude at 390 °C, and expected to 
reduce further at 450 °C, due to the increased hole concentration at high temperature. The 
contact showed very good stability at 450 °C in air with no degradation observed after 48 
hours. TEM study showed that the formation of Au/p-GaN epitaxial structure after 
annealing allowed for the low contact resistivity and good stability at high temperature as 
well. Our studies suggested that the observed degradation at higher temperature is 
possibly caused by the oxidation of GaN surface.  The TEM study confirmed that there 
was a layer of Ga2O3 formed on the interface between metal and GaN after the contact 
being subjected to 700 °C in air for 4 hours. Therefore, the annealed Ni/Au contacts is 
good for stable operation at temperatures up to 450 °C in air. 
 The annealed ITO contact with ρc ~1×10-2 Ω·cm2, is stable up to 300 °C in N2. 
Degradation in ITO contacts at higher temperature is probably caused by the out-
diffusion of oxygen from ITO, resulting in the decrease of ITO work function. For up to 
450 °C the contact was observed to be stable in air. The degradation in air at higher 
temperature in air is likely due to the absorption of excessive oxygen in the ITO film, 
reducing the conductivity of the contact. 
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Chapter 6 
LONG TERM RELIABILITY AT HIGH TEMPERATURE 
6.1 Arrhenius Model for Accelerated Life Testing 
In order to produce and continually improve the reliability of electronic devices, it 
is necessary to find a way of predicting the lifetime of a device. The estimation of devices 
lifetime at a designated temperature is important to both manufacturers and users. 
Lifetime testing is a useful method for achieving three goals, namely, selecting durable 
devices, estimating the median lifetime of the device, and finding the optimal condition 
for operation. For example, we would like to know how long would the contacts last 
before significant degradation happens at 450°C operation. The answer to this question 
can be answered through statistical analysis of actual lifetime data. However, the 
lifetimes could be thousands of hours or even longer, so it is generally not practical to test 
the devices at normal operation conditions. Some methods must be utilized in order to 
obtain the failure characteristics in a relatively reasonable amount of time. The most 
prevalent lifetime prediction method used extensively in the semiconductor industry 
involves testing the devices at an elevated temperature, also called accelerated life testing 
(ALT). This accelerated test allows the ability to create in a short period of time the same 
failure modes that would take much longer to occur under normal operating conditions. 
One of the most common model used to analyze device lifetime is the Arrhenius 
model which uses temperature and activation energy (Ea) to predict mean time before 
failure (MTBF), defined as lifetime. The following equations shows how the Arrhenius 
model can be expressed to show activation energy when lifetime and temperature are 
known. 
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𝑡𝑓 = 𝐴 𝑒𝑥𝑝 (
𝐸𝑎
𝑘𝑇
),                                                          (6.1) 
where, tf is the lifetime (h); A is a scaling factor; 𝐸𝑎 is the activation energy (eV) for the 
specific failure mechanism at temperature T; k is Boltzmann’s constant. Equation 6.1 
could be derived as, 
ln 𝑡𝑓 = 𝐸𝑎 (
1
𝑘𝑇
) + ln 𝐴                                                     (6.2) 
Equation 6.2 shows that there is linear relation between ln tf and 1/kT. By 
measuring the lifetime at high temperatures and plotting the ln tf vs 1/kT, we can extract 
the value of Ea and A, and then we are able to estimate the lifetime at any temperature. 
It must be mentioned that the Arrhenius equation is applicable only if a single 
mechanism is contributing to the failure of a device, because the activation energy Ea is 
corresponding to one specific failure mechanism. If there is more than one failure 
mechanism involved, Ea would change with temperature instead of being a constant and 
the plot of ln tf vs 1/kT would display a change in slope as well. In other words, the 
lifetime prediction based on Arrhenius mode is reasonable only if the plot of ln tf vs 1/kT 
displays a constant slope. Although the absolute accuracy of the predicted lifetime 
remains questionable, this method still provide useful information in estimating the 
reliability of a device qualitatively, especially when comparing two devices under the 
same accelerating conditions. 
The metal-semiconductor contacts exhibit a wear-out failure mode by showing a 
slow degradation in resistivity even at room temperature. We have noticed that the 
contact resistivity of an alloyed Ti/Al/Ni/Au to n-GaN contact increased from 6×10-7 
Ω·cm2, measured after the sample was prepared, to 6×10-6 Ω·cm2 after the sample being 
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stored at room temperature for two months. The contact degradation at high temperature 
is much faster, so the lifetime is much shorter according to equation 6.1. The lifetime of 
those contacts will play an important role when designing the high temperature InGaN 
solar cell. In this study, the lifetime of a contact at certain temperature, also called mean 
time before failure (MTBF), was defined as the time after which ρc has increased by a 
factor of 10 compared with the initial value. While this can be a stringent condition for 
MTBF (where the voltage drop at the leads may be negligible to disrupt the solar cell 
operation) this study assumed such a criterion to evaluate the method of ALT based on 
Arrhenius model. 
6.2 Accelerated Life Testing of the Annealed Ni/Au to p-GaN Contact 
We applied the ALT to the annealed Ni/Au to p-GaN contact, which had an initial 
ρc ~ 2×10-3 Ω·cm2. Accord to the definition, the time after which the ρc increases to 2×10-
2 Ω·cm2 is the lifetime at a specified temperature. To predict the lifetime at 450 °C in air, 
ALT was conducted at higher temperatures up to 525 °C in air, assuming that the 
degradation mechanisms are the same in the temperature range between 450 °C and 
525 °C in air. 
 Three samples with TLM test structures, A, B, and C, were put in the furnace 
with ambient air for thermal stress at 475 °C, 500 °C, and 525 °C, respectively. The 
contact samples were taken out and cooled down to room temperature every after few 
hours and the contact resistivity was monitored by TLM measurements at room 
temperature. Table 1 shows the values of ρc for the three samples as a function of time 
under thermal stress at different temperatures. The increase of ρc as a function of time 
under thermal stress is shown in Fig. 48, depicting linear increase of ρc at all the 
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temperatures.  By doing a linear fit of ρc vs time under thermal stress, the lifetime of the 
contact at each temperature can be extracted. The extracted lifetime at 475 °C, 500 °C, 
and 525 °C in air are 69, 24, and 9 hours, respectively.     
Table 1 Values of ρc for contact sample A, B, and C as a function of time under the 
thermal stress at 475 °C, 500 °C, and 525 °C, respectively, in air. 
A(475 °C) B(500 °C) C (525 °C) 
Hours 
ρc 
(Ω·cm2) 
Hours 
ρc 
(Ω·cm2) 
Hours 
ρc 
(Ω·cm2) 
0 2.3E-03 0 1.6E-03 0 1.7E-03 
4 4.0E-03 2 3.0E-03 2 5.1E-03 
8 5.3E-03 4 4.2E-03 4 8.2E-03 
12 6.1E-03 6 5.4E-03 6 1.1E-02 
16 7.0E-03 8 6.5E-03 10 1.9E-02 
 
 
 
Fig. 48 Increase of ρc as a function of time under thermal stress at 475 °C, 500 °C, and 
525 °C, respectively, in air. 
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With three values of temperature and the corresponding values of lifetime, ln (tf) 
vs 1/kT can be plotted, shown in Fig. 49. The linear relation between ln (tf) and 1/kT 
indicates that there is a single degradation mechanism in this temperature range, and thus 
the Arrhenius equation is applicable. The activation energy, Ea ~2eV, and the scaling 
factor, A ~7.2e-13 h, were extracted by linear fitting of the Arrhenius plot. The scaling 
factor A, in equation 6.1, is different from that in the conventionally defined equation, 
𝑘𝑟𝑐 = 𝐴 exp (
−𝐸𝑎
𝑘𝑇
), where 𝑘𝑟𝑐 is the rate coefficient of the reaction.  
 
Fig. 49 Arrhenius plot of ln (tf) vs 1/kT in air. 
With the values of Ea and A, the contact lifetime can be estimated by equation 6.1. 
Fig. 50 shows the estimated lifetime versus temperature according to Arrhenius model. 
The lifetime of the annealed Ni/Au to p-GaN contacts is 1.3×106 h at 300 °C, 4.4×104 h 
at 350 °C, 2473 h at 400 °C, 208 h at 450 °C, respectively. The contact lifetime drops 
rapidly as the operating temperature increases. 
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Fig. 50 Estimated lifetime in air versus temperature according to Arrhenius model. 
In chapter 5, we claimed that the degradation of Ni/Au contact in air is probably 
due to oxidation of p-GaN surface at high temperature in the oxidizing ambient. To 
achieve a contrasting study and proved our hypothesis similar ALT was performed in N2 
ambient. The contact degradation in N2 was accelerated by subjecting another set of 
annealed Ni/Au to p-GaN contact samples, with the same initial ρc ~ 2×10-3 Ω·cm2, to 
thermal stress at 500°C, 529°C, and 554°C, respectively. ρc showed much slower increase 
in N2 compared with that in air. The extracted lifetime at 500°C, 529°C, and 554°C were 
235, 65, and 24 hours, respectively. Ea and A were extracted as described earlier from the 
plot of ln (tf) vs 1/kT. Ea = 2.33 eV while A=1.52×10
-13 h. The higher activation energy 
for the degradation in N2 compared with that in air indicates the contact is more stable in 
N2 ambient. The predicted lifetime at 450 °C in N2 ambient is 2,628 hours, 12 times the 
lifetime in air at the same temperature. The comparison of contact lifetime (hours) in air 
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and in N2 at temperatures from 300 °C to 500 °C, is shown in Table 2, demonstrating that 
the contact lifetime is much longer in N2 than that in air at high temperatures. 
 
Fig. 51 Arrhenius plot of ln (tf) vs 1/kT in N2. 
 
Fig. 52 Estimated lifetime in N2 versus temperature according to Arrhenius model. 
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Table 2 Comparison of contact lifetime (hours) in air and in N2 at temperatures from 
300 °C to 500 °C.  
Temperature (°C) 300 350 400 450 500 
In air 1.3×106 4.4×104 2,473 208 24 
In N2 4.7×10
7 1×106 4.2×104 2,628 234 
 
6.3 Summary 
In this chapter, the accelerated life testing using Arrhenius mode has been 
employed to evaluate the reliability of the ohmic contact to GaN at high temperature. We 
have accomplished a quantitative analysis of lifetime for the annealed Ni/Au to p-GaN 
contacts at high temperature in air and N2 ambient, respectively. At 450 °C, the lifetime 
of the contact in N2 ambient is 2,628 hours, which is 12 times the lifetime in air at the 
same temperature. The comparison of the contact lifetime in air and N2 indicates that the 
annealed Ni/Au contact is much more stable in non-oxidizing ambient. This result is 
consistent with the conclusions made in chapter 5 claiming that oxidation of p-GaN 
surface is responsible for the contact degradation at high temperature in air. 
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Chapter 7 
CONCLUSION AND FUTURE WORK 
7.1 Conclusion 
In an effort to develop ohmic contacts with low resistivity and high stability for 
GaN high temperature electronics, especially the GaN-based high temperature solar cell, 
we have investigated the high temperature performance and thermal stability of two 
different ohmic contact schemes to n-GaN including alloyed Ti/Al/Ni/Au contacts and 
non-alloyed Al/Au contacts, and two ohmic contacts to p-GaN including annealed Ni/Au 
contacts and ITO contacts.  
For the n-GaN contacts, temperature dependent measurements showed that ρc 
didn’t change with ambient temperature while the sheet resistance of n-GaN increased 
with ambient temperature. Both the alloyed Ti/Al/Ni/Au contacts and the non-alloyed 
Al/Au contacts are stable for operating at temperatures up to 600 °C for at least 4 hours in 
air with low contact resistivity in the order of ~10-6 Ω•cm2. The formation of TiN during 
alloying is believed to be responsible for the low resistivity and high stability of the 
alloyed Ti/Al/Ni/Au contacts, while the formation of Al-O-Au complex on the interface 
plays an important role in reducing the contact resistivity of the Al/Au contacts and 
maintaining the same at high temperatures. 
The p-GaN contacts showed superior ohmic behavior at elevated temperatures. 
Temperature dependent measurements showed that both ρc and sheet resistance of p-GaN 
decreased by a factor of 10 as the ambient temperature increased from room temperature 
to 390 °C, and expected to be reduced further at 450 °C due to the increased hole 
concentration at high temperature. The annealed Ni/Au contacts, with ρc ~2×10-3 Ω cm2 
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at room temperature, showed very good stability at temperatures up to 450 °C in air. The 
formation of faultless Au/p-GaN epitaxial lattice structure is believed to responsible for 
the low resistivity and high stability of the Ni/Au contacts. Evidences collected during 
this study suggest that the degradation of contacts at higher temperature is caused by the 
oxidation of p-GaN surface. ITO contact to p-GaN, with a ρc ~1×10-2 Ω cm2 at room 
temperature, is stable at 450 °C in air but it is not stable at 450 °C in N2 ambient due to 
the out-diffusion of oxygen, resulting in the increase of carrier concentration in ITO and 
the decrease of work function of ITO. The ITO contact, however, degrades at 500 °C in 
air, most likely due to the absorption of excessive oxygen which reduces the conductivity 
of ITO. 
We also developed a method using ALT to quantitatively evaluate the contact 
stability at high temperature. The annealed Ni/Au to p-GaN contact showed a lifetime of 
2,628 hours at 450 °C in N2, which is 12 times the lifetime at 450 °C in air. The ALT 
showed that the annealed Ni/Au contact was more stable for operating in N2 ambient. 
In summary, we have developed stable ohmic contacts needed for the high 
temperature GaN-based solar cell operating at 450 °C in both oxidizing and non-
oxidizing ambient. The temperature limit of each contact metallization scheme was 
studied and possible degradation mechanism was discussed. The impressive results 
discussed in this thesis demonstrate excellent performance of the ohmic contacts to GaN 
at high temperature, making GaN a material of choice for high temperature applications. 
7.2 Future Work 
The results and discussions in this dissertation point to several interesting 
directions for future work: 
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One should further analyze the interfacial layer on the Al/Au to n-GaN contacts to 
understand the mechanism of reducing contact resistivity by high temperature thermal 
stress. Our results in chapter 4 indicated that the formation of Al-O-Au complex was 
responsible for the reduction in contact resistivity, which needs further investigation and 
explanation. This finding will not only help us predict the long term stability of the Al/Au 
to n-GaN contact, but also provide a way of achieving very low contact resistivity 
without high temperature annealing. 
A major direction to follow this work will be to test the Ni/Au to p-GaN contacts 
in a pure non-oxidizing ambient, e.g. N2 and Ar. We concluded the contact degradation at 
temperatures above 450 °C was due to oxidation on the interface. Effect of other non-
oxidizing ambient or baths will help understand the thermodynamics better. Studying the 
humidity effect on contact degradation at high temperature is extremely important. 
Humidity plays an important role on contact degradation. With thorough consideration of 
temperature, ambient, and humidity effects, we will be able to estimate the lifetime of the 
high temperature InGaN solar cell more accurately.   
Other than studying on ALT and degradation mechanism, one should keep in 
mind that the ultimate benefit of these studies won’t be accomplished until one develops 
stable contacts to GaN for temperatures relevant to the high temperature applications. For 
example, 600 °C is mentioned to be the sweet spot for hybrid solar towers where the 
efficiency of the molten salt is at its peak around 570oC. Although we have developed 
stable contacts to n-GaN for 600 °C operation, but the contacts to p-GaN discussed in this 
dissertation are not stable for operation above 450 °C. Alternative metal combinations 
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and contact preparation methods need to be investigated to develop stable ohmic contact 
to p-GaN for such applications.  
The intrinsic GaN device (here the InGaN solar cell) has the capability to support 
high temperature operations even up to 800 ºC, but one needs to verify how the cells 
survive or fail at high temperatures during the operation. Therefore testing the stability of 
the InGaN solar cell at high temperatures and predict the lifetime using accelerated life 
testing will be a useful next step. The lifespan of a modern solar panel could be 30 years 
for normal operation, but it would be much shorter at high temperature. It is very 
important to know the lifespan so that we can calculate the costs and earnings of the high 
temperature InGaN solar cell. 
Space exploration applications rely on extreme temperature operation but for a 
significantly shorter duration compared to commercial solar cells. This study is an 
important addition to understand what roles GaN devices can play in space exploration 
technology. The devices need not be limited to solar cells only. Power electronics, high 
frequency electronics, UV detectors and sensors- all of these major fields thriving on 
GaN’s superior material qualities will be benefited from high temperature contact 
technologies. 
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